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ABSTRACT
We study a large sample of ∼4000 Lyα Emitters (LAEs) and identify the active galac-
tic nuclei (AGN) among them in order to characterise their evolution across cosmic
time. This work was carried out using the SC4K survey (Sobral et al. 2018a) and
data collected by the Hubble Space Telescope (HST), Chandra X-ray Observatory and
the Very Large Array (VLA). We find 322 X-ray or radio detected AGN within the
sample, constituting 8.7±0.5% of the sources considered. We find the vast majority of
classifiable AGN (81±3%) are point-like or compact sources in the rest-frame UV seen
with HST, and this qualitative trend holds regardless of detection band or redshift.
These AGN have a range of black hole accretion rates (BHARs), and we present the
first direct comparison between radio and X-ray BHARs. X-ray calculated BHARs
range from ∼ 0.07 M yr−1 to ∼ 23 M yr−1, indicating a highly varied sample,
with some very active AGN detected. Radio calculated BHARs range from ∼ 0.09
M yr−1 to ∼ 8.8 M yr−1, broadly tracing the same range as the X-ray calculated
BHARs. X-ray calculated BHARs peak at z ∼ 3 and both radio and X-ray calculated
BHARs increase with increasing redshift, plateauing at z ∼ 4. We find significantly
less variation in radio BHARs when compared to X-ray BHARs, indicating radio may
be a far more stable and reliable method of calculating the BHARs of AGN over large
timescales, while X-ray is more suitable for instantaneous BHARs.
Key words: accretion - galaxies: active - galaxies: evolution - galaxies: high-redshift
- X-rays: galaxies: supermassive black holes.
1 INTRODUCTION
According to the standard cold dark matter (ΛCDM) cosmo-
logical model, galaxies initially formed several billion years
ago from perturbations in the density of dark matter in the
early Universe. These perturbations undergo gravitational
clustering, progressively forming larger systems known as
dark matter halos (White & Rees 1978). Gas condenses into
the gravitational potential wells created by this dark mat-
ter, forming stars once sufficient gas has collapsed into the
centre of the halo that it becomes self-gravitating, forming a
giant molecular cloud complex which becomes dense enough
to ignite nuclear fusion. Eventually a galaxy is formed, sur-
rounded by its dark matter halo (Springel et al. 2005). As the
? Based on the SC4K catalogue (Sobral et al. 2018a) and observa-
tions obtained with the Hubble Space Telescope (HST), Chandra
X-ray Observatory and the Very Large Array (VLA).
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galaxies evolve, some stars within will eventually go super-
nova, which pollutes the intergalactic medium with heavy
elements (Arnaud et al. 1992), helping initiate star and
galaxy formation by enhancing cooling rates in gas clouds
(see Somerville & Dave´ 2015, and references therein).
Supermassive black holes (SMBH) have been found to
be at the centre of most galaxies (e.g. Kormendy & Rich-
stone 1995; Green 2002; Ferrarese & Ford 2005), and have
been found to have formed as early as 1 Gyr after the
Big Bang, with masses up to 109 M (e.g. Barth et al.
2003; Willott et al. 2005). Due to the early formation of
these SMBH, they cannot have formed through conventional
methods of black hole formation because of the Edding-
ton accretion limit, and instead may have come from seed
massive black holes (Davies et al. 2011). However, the ex-
act formation process of these seeds is still unknown, and
there are several possibilities as to how they could form
(Volonteri 2010). These possibilities include: the remnants
of PopIII stars (hypothetical stars containing virtually no
c© 2020 The Authors
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metals, see Madau & Rees 2001; Volonteri et al. 2003); being
triggered by gas-dynamical instabilities (Lodato & Natara-
jan 2006; Begelman et al. 2006); and being formed by stellar-
dynamical processes (Gu¨rkan et al. 2006; Devecchi & Volon-
teri 2009).
Lyα emitters (LAEs) are galaxies that emit the hydro-
gen emission line Lyα (rest-frame 1216 A˚), caused by the
recombination of interstellar hydrogen that has been ionized
by radiation (Malhotra & Rhoads 2002). Lyα is known to
be strongly produced by both active galactic nuclei (AGN)
activity and star formation (Charlot & Fall 1993; Hashimoto
et al. 2017). The brightest LAEs are typically found to be
AGN, with virtually all LAEs with a luminosity in excess of
1043.3 erg s−1 studied in Sobral et al. (2018b) being AGN.
Additionally, the Lyα luminosities are found to correlate
with the black hole accretion rates (BHAR) within the AGN
(Calhau et al. 2020). From this it can be inferred that the
source of the observed Lyα emissions is the black hole itself.
The strength of the emission line produced is dependent on
the relative gas and dust distributions in the circumgalactic
and interstellar medium (Neufeld 1991; Laursen et al. 2013),
as the photons generated by the LAEs are scattered by the
gas and absorbed by the dust surrounding galaxies (Wisotzki
et al. 2016). As a consequence of this, the LAEs observed
tend to be younger and bluer galaxies with a low dust con-
tent, although studies have found more varied galaxies are
able to be probed at this wavelength, including older, more
red galaxies with a higher dust content (Oteo et al. 2015;
Hathi & Le Fe`vre 2016; Sobral et al. 2018a).
AGN are compact regions at the centre of some galax-
ies that have a much higher than normal luminosity. Current
theory suggests that there is a SMBH at the centre of every
AGN, surrounded by an accretion disk of gas (Netzer 2015).
Feedback associated with these AGN can have an impact
on galactic evolution, primarily through radiative transfer,
and is an area of active research. For example, the AGN can
heat gas directly through Compton scattering, photoioniza-
tion, and photoelectric heating, known as thermal feedback
(Rafferty et al. 2007; McNamara & Nulsen 2007). The AGN
can also cause winds driven by radiation that eject gas from
the galaxy, with the potential to create large-scale winds
that can drive out interstellar gas (kinetic feedback; see Saez
et al. 2009; Moe et al. 2009; Dunn et al. 2010).They may also
ionize or photodissociate gas (radiative feedback; see Chen
2019). All of these processes can impact galactic evolution,
primarily by hindering star formation and cooling within the
entire galaxy, as well as regulating the growth of the black
hole itself (Fabian 2012).
Thermal spectrum photons, produced by the frictional
heating within the accretion disk can undergo inverse Comp-
ton scattering, colliding with ultrarelativistic electrons to
obtain significantly higher energies (e.g. Shapiro et al. 1976;
Pozdnyakov et al. 1983; Kubota et al. 2001). Inverse Comp-
ton scattering within the accretion disk results in the pro-
duction of X-ray luminosities far in excess of those expected
within typical galaxies from star formation (e.g. Sargsyan &
Weedman 2009). Hence, X-ray luminosity serves as a key sig-
nature of AGN activity, and a cut-off luminosity of 1042 erg
s−1 is typically used to distinguish between AGN and non-
AGN sources (e.g. Barlow-Hall et al. 2019; Calhau et al.
2020). Furthermore, the nature of this X-ray production
means that X-ray luminosity directly traces the BHAR of
the central SMBH.
The structure of AGN naturally lead to comparisons
with black hole X-ray binary (BHXRB) systems, which also
have a central engine comprising a black hole surrounded
by an accretion disk (Ko¨rding et al. 2006). Previous studies
have explored the BHARs of BHXRBs in a number of dif-
ferent accretion states, and have used the similarities with
AGN to extrapolate radio BHAR relations to these far larger
and more energetic sources (Ko¨rding et al. 2006, 2008). As
such, this provides two independent methods of estimating
the accretion rates for AGN sources, one using X-ray wave-
lengths and one using radio wavelengths.
Previous papers suggest that radio emission traces much
longer timescales than X-ray, on the order of ∼100 million
years (Calhau et al. 2017), and hence BHARs calculated us-
ing radio data could provide insight into the accretion rates
of AGN in the past.
Furthermore, we know that the accretion rates of AGN
can vary over time (e.g. Angione 1973; Marshall et al. 1981;
Neugebauer et al. 1989) and that this variability is found
in many wavelengths, with the timescale of the variation
increasing with increasing wavelength. Hence, if this trend
continues into the radio spectrum, radio data may be less
susceptible to rapid change during these periods, giving us
better insight into the overall nature of the accretion rate
over long time periods. As such, a comparison between X-
ray and radio accretion rates could be indicative of how AGN
accretion varies over cosmic time.
In this paper we aim to explore the nature of the AGN
sources in the SC4K sample across cosmic time. We investi-
gate the accretion rates of these sources in relation to red-
shift and morphology to see if specific redshifts and mor-
phologies are characterised by accretion rate trends. Fur-
thermore, by studying the morphology of the sources we
attempt to characterise the evolution of AGN across cosmic
time. In addition, we test the accuracy of the Ko¨rding et al.
(2006) relation for Radio BHAR by comparison with the
well established X-ray BHAR and consider the implications
of the radio BHAR for indicating AGN accretion in the past.
Our paper is organised in the following way. In Section
2 we present the SC4K catalogue utilised in this work. The
methods used to identify the AGN, classify their morpholo-
gies and investigate their activity are presented in Section
3. Our results and discussion are presented in Section 4 and
Section 5. Finally, the conclusions are presented in Section
6. Throughout this paper we use AB magnitudes (Oke &
Gunn 1983), and we adopt the following flat cosmology: H0
= 70.0 kms−1Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.
2 SAMPLE
2.1 SC4K: Lyα emitters at z ∼ 2− 6
The SC4K sample consists of ∼4000 LAEs in the COSMOS
field across 16 different redshift slices ranging from redshift
z ∼ 2− 6. The redshift slices are imaged in 12 medium and
4 narrow band filters by the Subaru Telescope and the Isaac
Newton Telescope respectively, as detailed in Sobral et al.
(2018a).
LAEs are selected by examining the emission line equiv-
alent width (EW), the strength of the Lyα emission line,
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fBB − fMB(∆λMB/∆λBB) (1)
Where fMB and fBB are the flux densities of the medium
band (MB) and broad band (BB) filters respectively, and
∆λMB and ∆λBB are the full width at half maximum
(FWHM) of these two filters.
Sources that had EW > 50(1+z ) A˚ or EW0 > 50 A˚
(where EW = EW0(1+z )) were selected as LAEs for the
MB. For typical narrow band (NB), selected LAEs have an
EW0 > 25 A˚. However, for the narrow band filter NB392,
selected LAEs have an EW0 > 5 A˚. We refer to Sobral et al.
(2018a) for the full selection criteria and further details re-
garding the SC4K LAEs.
The full SC4K catalogue contains 3908 sources with
Lyα luminosities in the range 10(42.1−44.5)erg s−1. We follow
Calhau et al. (2020) and exclude the sources outside of the
Chandra COSMOS Legacy Survey coverage, leaving us with
a total sample of 3705 sources. This constitutes our sample
of LAEs for analysis.
2.2 X-ray data: Chandra COSMOS-Legacy
The Chandra COSMOS-Legacy survey (Elvis et al. 2009;
Civano et al. 2016) covers a total area of 2.2 square degrees
across the COSMOS field. The exposure time of the survey
varies according to region, with around 150 ks px−1 in the
central-most 1.5 square degrees, dropping to 50 - 100 ks px−1
in the outer-most regions (Elvis et al. 2009; Civano et al.
2016). Specific exposure maps for each source were provided
by J. Calhau, which allowed better error calculation for our
X-ray fluxes.
The flux limits of the survey can be found in Civano
et al. (2016).
2.3 Radio data: 1.4 GHz and 3 GHz
VLA-COSMOS
The VLA-COSMOS Survey made use of the National Radio
Astronomy Observatory’s Very Large Array (VLA) to con-
duct wide-field imaging at the 1.4 GHz wavelength of the
COSMOS field. Bondi et al. (2008) presents the catalogue
of ∼3600 radio sources detected in this band.
The VLA’s 3 GHz COSMOS Large Project covers the
entirety of the COSMOS field at a deeper sensitivity and
higher resolution than the 1.4 GHz survey. Smolcˇic´ et al.
(2017) presents this data in more detail as well as a catalogue
of ∼10000 radio sources in the 3 GHz band.
2.4 Obtaining Cutouts for Visual Classification
The images used in this work for visual classification were
obtained using the freely available COSMOS Cutouts tool1,
which provides imaged fields with arcsecond diameters in
the range 1” to 180”. These images are provided by the
1 https://irsa.ipac.caltech.edu/data/COSMOS/index_
cutouts.html
COSMOS archive as part of the Cosmic Evolution Survey
project, a survey designed to probe the formation and evo-
lution of galaxies across cosmic time. The survey covers a
targeted, 2 square degree equatorial field with imaging car-
ried out in various wavelengths by most space-based as well
as many ground-based telescopes.
In this paper we used images from the Hubble Space
Telescope (HST) (λ = 8140 A˚; Koekemoer et al. 2007), the
Chandra X-ray Observatory (λ = 2 - 25 A˚; Civano et al.
2016) and the VLA (λ = 10 cm, 20 cm; Smolcˇic´ et al. 2017).
3 METHODOLOGY
3.1 Identifying AGN sources
Images of the entire COSMOS field as seen by Chandra and
the VLA were obtained. The Chandra images were subdi-
vided into three wavebands: soft (0.5 - 2.0 keV), hard (2.0
- 7.0 keV) and full (0.5 - 7.0 keV). The VLA images were
subdivided into 1.4 GHz and 3.0 GHz wavebands. We follow
Sobral et al. (2018a) and Calhau et al. (2020) and create
cutouts of each object to calculate their X-ray fluxes, X-
ray luminosities and BHARs for the Chandra sources, and
follow the same method to calculate 1.4 GHz and 3.0 GHz
luminosities for the VLA sources, as detailed in Section 3.2.
Exposure maps for each of the Chandra sources were pro-
vided by J. Calhau, allowing us to calculate more precise
flux errors for our X-ray sources.
We follow Calhau et al. (2020) and consider a source as
detected if its signal was greater than three times the noise
value. An X-ray detected source is considered an AGN if
its X-ray luminosity is in excess of 1042 erg s−1. Such an
X-ray luminosity would correspond to a star formation rate
(SFR) within the galaxy of ∼ 1000 M yr−1 (Lehmer et al.
2016). Star formation at such a rate would only be found
in the most active starburst galaxies (Sargsyan & Weedman
2009), and hence such sources are most likely AGN.
A radio detected source is considered an AGN if its
radio luminosity is in excess of 1023.2 W Hz−1 (Meurs &
Wilson 1984). Such a radio luminosity would correspond to
a SFR within the galaxy in excess of ∼ 100 M yr−1. Star
formation at such a rate would only be found in the most
active starburst galaxies (Sargsyan & Weedman 2009), and
hence such sources are most likely AGN.
Out of all SC4K sources within the Chandra coverage,
we find 258 sources at a signal to noise > 3 in the X-rays and
121 sources at a signal to noise > 3 in the radio, for a total
of 322 sources which were subsequently marked as AGN.
It is important to note that there is overlap in wavelength
detection, with 57 sources detected in both X-ray and radio
bands.
3.2 X-ray analysis
3.2.1 X-ray flux estimation
We follow the method outlined by Calhau et al. (2020) to
convert count/s to flux. To do this the normalised count
rate is multiplied by a conversion factor (CF), and divided
by 1011:
Fx0 = (counts/s)× CF× 10−11[erg s−1cm−2] (2)
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Conversion factors determined in Calhau et al. (2020)
were used, and are the average values originally calculated in
the C-COSMOS (see Elvis et al. 2009) and Chandra Legacy








We then apply an aperture correction of Ac = 0.1 cal-
culated in Calhau et al. (2020) (which corrected the data to
match Civano et al. (2016)). This allows the conversion of
our aperture fluxes (Fx0) to full fluxes (Fx):
log10(Fx) = log10(Fx0) + Ac (4)
3.2.2 X-ray luminosity estimation





where dL is the luminosity distance in cm. Luminosity dis-
tance is calculated using our standard cosmology and red-
shift in topcat (Taylor 2013).
Observed luminosity is then converted to rest-frame lu-
minosity by multiplying it by the K-correction factor defined




(Emax(1 + z)(2−Γ) − Emin(1 + z)(2−Γ))
(6)
such that z is the redshift and Γ is the photon index, assumed
to be 1.4 (see Markevitch et al. 2003; Calhau et al. 2020,
for motivation). Emin and Emax are band specific and are
determined by Chandra, they have values:
Emin − Emax =

0.5− 2.0[KeV ], Soft band
2.0− 7.0[KeV ], Hard band
0.5− 7.0[KeV ], Full band
(7)
3.2.3 X-ray Black Hole Accretion Rate
To determine BHAR we must first determine the bolometric
luminosity, using:
Lbol = 22.4× L0.5KeV−10KeV (8)
where 22.4 is the bolometric conversion factor found in Cal-
hau et al. (2020), and originally calculated in Lehmer et al.
(2013) as a median value for AGN with Lx = 10
41 − 1046
[erg s−1]. As stated in Calhau et al. (2020) a median value
of 22.4 is used for simplicity, despite the inherent accuracy
limitations.




× 1.59× 10−26[Myr−1] (9)
where M˙BH is the BHAR,  is the accretion efficiency as-
sumed to be 0.1 (see Soltan 1982; Fabian & Iwasawa 1999;
Marconi et al. 2004, for motivation), and c is the speed of
light.
3.3 Radio analysis
3.3.1 Radio flux estimation
To determine the full radio flux (Fν), we use:
log10(Fν) = log10(Fν0) + Ac (10)
We use the same apertures as Calhau et al. (2020), and hence






These aperture corrections determined in Calhau et al.
(2020) are found by comparison with Smolcˇic´ et al. (2017)
for 3.0 GHz and Bondi et al. (2008) for 1.4 GHz.
3.3.2 Radio luminosity estimation















such that dL is the luminosity distance in meters, z is the
redshift, α is the spectral index and Fν is the flux for 1.4 GHz
or 3.0 GHz [WHz−1m−2]. Following Calhau et al. (2020), we
set our spectral index, α to -0.8.
3.3.3 Radio frequency conversion
To allow comparisons of all our radio sources, we convert 3.0










where dL is the luminosity distance in meters, α is the spec-
tral index (assumed to be -0.8) and F3.0GHz is the flux in
the 3.0 GHz band [WHz−1m−2]. Hereafter L1.4GHz, refers to
1.4 GHz data, and converted 3.0 GHz data (when the radio
source was undetected in the 1.4 GHz band).
3.3.4 Radio Black Hole Accretion Rate
In this work we present the first direct comparison between
X-ray and radio BHARs.
To determine the radio BHAR, we use:
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from Ko¨rding et al. (2006). Ko¨rding et al. (2006) and Ko¨rd-
ing et al. (2008) state that the approximate accretion rate
for hard state X-ray binary (XRB) systems and unbeamed
AGN can be calculated in the above way using the core radio
luminosity.
As stated in Ko¨rding et al. (2008), this equation is nor-
malised using XRBs and as such when the relation is extrap-
olated to more complicated AGN systems the uncertainty
inherently increases, and the fluxes may be slightly underes-
timated. The specifics of the normalisation and bolometric
corrections adopted are discussed in Ko¨rding et al. (2006).
3.4 Morphologies
We produced a set of 2”by 2” images of the sources that were
detected in the X-ray and radio using the HST -ACS Tiles
setting on the COSMOS Cutouts tool as described in Section
2.4. These images were obtained using Hubble’s Advanced
Camera for Surveys (ACS). Not all of the sources lie within
the HST field, leaving 48 X-ray and 19 radio AGN sources
that we did not have images for. We considered classifying
these sources using the X-ray and radio images, however
these images are in different wavelengths to the HST images
which would result in inconsistent classification.
The variety of telescopes used to survey the COSMOS
field means we could have used optical images from the Sub-
aru telescope to classify these missing sources. However, as
Subaru is a ground-based telescope and HST is space-based
this would increase the likelihood of inconsistent classifica-
tion.
We adopted a morphology classification scheme follow-
ing Paulino-Afonso et al. (2018) and Barlow-Hall et al.
(2019): Type 0: Point like, a single source with no significant
halo or extension. Type 1: Compact, a circular, extended
source. Type 2: Disky, an extended ovular or ’cigar’ shaped
source. Type 3: Irregular, an obscurely shaped source or one
with multiple bright points visible. Type 4: Unclassifiable,
a source that we do not have a HST image for, or a source
not visible in the HST image. Examples of each type can
be seen in Figure 1. All sources given a Type 4 classification
were discarded when investigating morphology.
Four independent parties classified each source to avoid
bias. The images were opened in SAOImageDS9 using the
same viewing settings to ensure consistency. Where there
was disagreement over the classification of an individual
source the mode classification was chosen. We decided that
it would not be sensible to take a mean value for the classifi-
cation since there were a number of sources that were given
point-like or compact by one classifier and unclassifiable by
another. In cases like these, taking a mean would result in a
disky classification, however the source had not be classified
as such by any individual.
When analysing the morphology relations we discount
the unclassifiable sources as they tell us nothing about the
galaxy’s morphology. Unclassifiable sources are still consid-
ered when considering BHAR analysis, as these sources have
been detected by Chandra and/or the VLA and hence accu-
rate BHARs can still be calculated for them. We also found
it fitting in many cases to combine point-like and compact
sources into one category for analysis, since we suspect many
point-like sources are simply faint compact sources.
Figure 1. Example 2”x 2”cutouts and the values we would assign
using our visual classification scheme, as described in Section 3.4.
In this example, the Type 4 classification is a cutout where an
image was taken by the HST, but no galaxy is clearly visible. In
other cases no image was taken by the HST and so these galaxies
were automatically classified as Type 4.
4 RESULTS
4.1 AGN
Of the 3705 LAEs in the SC4K catalogue considered here we
find 322 AGN, representing 8.7±0.5% of the total sources
considered. 258 of these sources are detected in the X-ray
by Chandra, 121 are detected in radio by the VLA and 57
are detected in both bands.
Considering only the sources with classifiable morpholo-
gies this number is reduced to 232 AGN, 192 in the X-ray,
90 in the radio and 50 detected in both bands.
For the X-ray sources the calculated luminosities fell in
the range of ∼ 1043 erg s−1 to ∼ 1045 erg s−1, in broad
agreement with those calculated in Calhau et al. (2020).
These luminosities corresponded to X-ray calculated BHARs
ranging from ∼ 0.07 M yr−1 to ∼ 23 M yr−1, indicating a
highly varied sample, with some very active AGN detected.
The radio calculated BHARs ranged from ∼ 0.09 M
yr−1 to ∼ 8.8 M yr−1. This broadly traces the same range
as the X-ray calculated BHARs, indicating that the Ko¨rding
et al. (2006) relation may be accurate. We will further ex-
plore this when we directly compare X-ray and radio BHARs
in Section 4.5.3.
4.2 Comparison with Calhau et al. (2020)
Figure 2 shows a plot of our calculated X-ray BHAR vs.
those from the Calhau et al. (2020) paper. As can be seen
there is a clear, direct correlation between our results and
those of the Calhau et al. (2020) data, meaning our results
are in excellent agreement.
4.3 Morphologies
4.3.1 Visual classifications
Of the 322 total AGN sources, 57 of which are detected
in both X-ray and radio, there are 232 classifiable sources.
Most of the AGN are classified as compact in the rest-frame
UV (see Table 2 for percentage distributions). The next most
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Selection Lyα # LAE X-ray only Radio only AGNs
filter redshift candidates detected sources detected sources detected
IA427 2.51151 711 43 27 56
IA464 2.81579 292 19 13 27
IA484 2.98026 679 62 29 75
IA505 3.15296 463 40 13 47
IA527 3.33388 610 39 15 49
IA574 3.72039 96 6 6 10
IA624 4.13158 133 1 3 3
IA679 4.58388 74 2 3 4
IA709 4.83059 77 2 2 4
IA738 5.06908 72 4 1 4
IA767 5.30757 27 3 0 3
IA827 5.80099 32 0 0 0
NB392 2.22368 140 21 6 23
NB501 3.12007 44 7 2 7
NB711 4.84704 73 3 1 4
NB816 5.71053 182 6 0 6
Total: 3705 258 121 322
Table 1. The full SC4K sample used in this work. Including data from 12 medium-bands and 4 narrow-bands. These 16 filters sliced the
whole SC4K sample by redshift from z ∼2-6. The table shows the redshift distribution of the whole sample and X-ray and Radio sources.
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Figure 2. X-ray accretion rate data calculated by our program
plotted against the values calculated by Calhau et al. (2020). All
the data follow a y = x line showing that our values are in perfect
agreement with previous studies.
common type, other than the unclassifiable sources, is point-
like. Point-like sources are similar to compact in their shape;
they are both rounded, with point-like being smaller than
compact. Very few SC4K AGN are classified as disky.
As shown in Figure 3, when separating the sources by
the waveband they are detected in we find similar trends
as when considering the sample as a whole. Most are com-
pact or point-like sources, with almost no disky or irregular
sources present. Unclassifiable sources make up a reasonably
significant proportion of all sources regardless of detection
band (29±3% in the X-ray, 38±6% in the radio).
When considering the sources only detected in a single
band (X-ray or radio), over 40% of the sources are compact
or point-like, with similar small percentages of irregular and
Figure 3. Morphology types of our AGN sources, separated
by band detection and colour-coded by morphological type. The
numbers on each column block represent the number of sources
of that morphological type detected in that band.
disky sources. However, we note there are far more compact
sources detected in the X-ray than in the radio.
The 57 sources detected in both X-ray and radio are
overwhelmingly compact or point-like (see Figure 3), with
these two classifications representing over 70% of these
sources. There are almost no disky sources and, interestingly
a significantly smaller percentage of unclassifiable sources
compared to sources detected in only one waveband.
We postulate that as these sources are detected by both
Chandra and the VLA they must be quite luminous, and
hence are more likely to appear in HST images.
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Morphology X-ray only Radio only X-ray and radio Percentage of
detected sources detected sources detected sources all sources (%)
Point like 25 9 7 13± 2%
Compact 91 19 37 46± 3%
Disky 7 3 1 3± 1%
Irregular 19 9 5 10± 2%
Unclassifiable 59 24 7 28± 3%
Total 201 64 57 100% (322 sources)
Table 2. The distribution of the different types of sources in the data. The first two columns represent the sources that were only
detected in the X-ray and the radio respectively, these do not include the sources that are detected in both bands.
Figure 4. Morphology types of our AGN sources (X-ray or radio
detected) within each of the six redshift bins used in this study.
Morphologies are colour-coded, and the numbers on each column
represent the number of sources of that morphological type de-
tected at that redshift.
4.3.2 Morphology vs. Redshift
In Figure 4 we can see similar trends to those discussed
in Section 4.3.1. A significant proportion of all sources are
compact and point-like regardless of redshift. There seems
to be little evolution of morphology across redshift, although
the plot suggests that there are no disky sources among our
SC4K AGN sample at redshifts higher than z ∼ 4. While
this is true within our sample, it should be noted that the
vast majority of sources are in the first two redshift bins,
with far fewer sources in the final four redshift bins, meaning
these bins are likely less representative of the actual sources
at these redshifts.
4.3.3 Morphology vs. Lyα luminosity
In order to investigate a possible selection bias based upon
luminosity at high redshift, we decided to bin our sources
based on their Lyα luminosity and compare this to their
associated redshift.
Lyα luminosity was used to compare the AGN sources
as it had not been used to calculate BHARs unlike X-ray or
radio luminosity, and most importantly because the SC4K
sample is Lyα selected.
We created five bins of width 0.5 dex in Lyα luminosity
ranging from 1042.1 − 1044.6 erg s−1. At lower Lyα lumi-
nosity, there is no correlation between Lyα luminosity and
morphology. The least luminous bin (of Lyα luminosity =
1042.1 − 1042.6 erg s−1) contains only 17 sources, and so
is not considered representative enough to make significant
conclusions.
The second least luminous bin (of Lyα luminosity =
1042.6 − 1043.1 erg s−1), which contains 160 AGN sources,
shows a larger than normal fraction of point-like sources
when compared to the data-set as a whole. For this bin 27%
of the classifiable sources are point-like, compared to 18±3%
for the whole sample. There is also a lower than average
fraction of compact sources, 48% compared to 63±3% for
the whole sample. We hypothesise that less luminous sources
will appear smaller in HST images and are therefore more
likely to be classified as point-like than compact.
All classifiable sources above a Lyα luminosity of
1043.6erg s−1 are compact sources. This could indicate that
highly luminous AGN host galaxies are more likely to have
compact morphologies.
In order to explore this theory we looked at the binned
sources in terms of a fraction of the total sample. Out of all
the AGN, 232 are classifiable sources with a further 63±3%
of these sources classified as compact. The top two most
luminous bins of Lyα luminosity, which represent sources
with luminosity greater than 1043.6erg s−1, contain only 19%
of the classifiable AGN. As such, these bins contain contain
too few sources to draw significant conclusions, and we find
it likely that the presence of such a high fraction of compact
sources in these bins is a reflection of the overall surplus of
compact sources found in our sample.
Further study of the morphologies of the most luminous
Lyα selected AGN would help to shed more light on if they
have a preferred morphological type.
4.4 BHAR vs. Lyα luminosity
Figure 5 shows X-ray BHAR against redshift, with each
point colour-coded according to its Lyα luminosity. We find
that the most luminous sources (shown in red) are found
at lower redshifts, between z ∼ 2.5 - 3.5, with high redshift
sources having fairly typical luminosities within our data
set. This implies there is no significant selection bias at high
redshift, and that high redshift sources should not have ab-
normally high BHARs that would skew our data.
We postulate then that the reason our number of de-
tections decreases at high redshift is due to increasing noise
levels, meaning fewer sources meet the 3σ limit to qualify
as a detected source. Furthermore, Figure 6 seems to show
some correlation between Lyα emission and X-ray BHAR,
albeit with a high degree of scatter evident. This is the rela-
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Figure 5. X-ray BHAR plotted against redshift, with the Lyα lu-
minosity of each source colour-coded according to each luminosity
bin. High luminosity sources (in red) are found at low redshifts,
indicating there is no luminosity selection bias at high redshift.
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Figure 6. X-ray BHAR plotted against Lyα luminosity, with the
redshift of each source colour-coded according to each redshift
bin. There appears to be some correlation between BHAR and
Lyα luminosity. This relationship is also found and discussed in
more detail in Calhau et al. (2020).
tion already found, presented and discussed in Calhau et al.
(2020).
4.5 Black Hole Accretion Rates (BHARs)
4.5.1 BHAR vs. Morphology
Figures 7 and 8 show X-ray and radio accretion rates plotted
against the morphologies of the sources within SC4K. The
sources are separated into five separate bins of morphology.
Colour-coded symbols denote the median BHAR value for
each morphology and are plotted at the centre of each bin.
What is immediately clear is that Radio and X-ray
BHARs broadly trace each other, with no significant dis-
crepancies.
Within the X-ray data there seems to be some corre-
lation between BHAR and morphology, as compact sources
have the highest accretion rates. However, when considering
the radio BHARs, compact sources have the lowest accretion
rates of any morphology, albeit marginally, and the overall
relation for the radio is remarkably flat (Figure 8).


























Figure 7. X-ray BHAR plotted against morphology for all the
AGN sources. The morphological type of each source is colour-
coded and symbolically indicated. Compact sources appear to
have the highest BHARs of any morphological type by a factor
of ∼ 2.


























Figure 8. Radio BHAR plotted against morphology for all the
AGN sources. The morphological type of each source is colour-
coded and symbolically indicated. Compact sources appear to
have the lowest accretion rates of any morphological type, albeit
very marginally. Overall the relation is remarkably flat.
4.5.2 BHAR vs. Redshift
Figure 9 shows the X-ray (in blue) and radio (in red) accre-
tion rates plotted against redshift. The sources are separated
into 6 separate bins of width ∆z = 0.6 from z = 2.2 − 5.8.
Symbols denote the median BHAR value for each each mor-
phological type within each bin. Radio data has been given a
+0.5 shift from the centre of the bin and X-ray data has been
given a -0.5 shift from the centre of the bin in order to aid
visual interpretation. Here, point-like and compact sources
are combined into a single bin, this is due to the likelihood
of faint compact sources being classified as point-like, and
also for simplicity.
As with the morphology plots, it is immediately clear
that radio accretion rates broadly trace the X-ray accretion
rates at all redshifts. At high redshift however it appears the
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Point like and Compact
Disky
Irregular
Figure 9. X-ray and radio calculated BHAR against redshift
with bins of morphology shown. X-ray data appears in blue and
radio data appears in red. The morphological types of the sources
are symbolically indicated, point-like and compact sources are
combined into a single bin here. The radio data has been given
a +0.5 shift along the x-axis and the X-ray data has been given
a -0.5 shift along the x-axis in order to aid visual interpretation.
For the X-ray data it appears point-like and compact sources
dominate the BHAR in every redshift bin. For the radio data
there is no clear consistently dominating morphology.
X-ray data continues its upward trend, while the radio data
flattens out.
Considering only the X-ray data, it seems clear that
point-like and compact sources dominate the BHARs in ev-
ery redshift bin. However, as with morphology data, the ra-
dio disagrees. In this plot, irregular sources dominate the
BHAR between z = 2 − 3, with disky sources dominating
between z = 3 − 4. At high redshift there is no consistent
dominating morphology.
It is worth noting in these high redshift bins that there
are significantly lower numbers of sources, meaning some
bins do not contain any of some morphological types. This
especially affects the disky morphology which has a dispro-
portionately low number of sources across all redshifts.
Figure 10 shows a similar plot in which each bin only has
a single symbol denoting the median value of the entire bin,
with no separation by morphological type. X-ray remains in
blue and radio remains in red. The same shifts are used to
aid visual interpretation.
The X-ray BHARs show a characteristic peak between
z = 2−3, indicating a high level of black hole activity in this
redshift range, which is in agreement with the theory that
the overall BHAR of the Universe peaks between z = 1− 3
(Nandra 2009; Brandt & Alexander 2010; Delvecchio et al.
2014). This peak is not present however when considering
the radio. Both plots show an increase in BHAR with in-
creasing redshift.
What is also interesting is the scatter of the individual
BHARs for each waveband. Radio calculated BHARs follow
the median for each bin much more strongly than X-ray
calculated BHARs. This could be an indication of the highly
variable nature of AGN sources, with radio tracing much



















Median redshift (Radio) bins
Median redshift (X-Ray) bins
Figure 10. X-ray and radio calculated BHAR against redshift
with the median value for each redshift bin shown. X-ray appears
in blue and radio appears in red. Here there is no separation by
morphological type within each bin. The radio has been given a
+0.5 shift along the x-axis and the X-ray has been given a -0.5
shift along the x-axis in order to aid visual interpretation. The
X-ray data shows a peak between z = 2− 3, consistent with the
literature. Both data indicate an increasing BHAR with increas-
ing redshift.
longer timescales than the X-ray and hence showing more
stability.
4.5.3 X-ray vs. Radio calculated BHAR
Figure 11 shows a plot of X-ray BHAR against radio BHAR
for the 57 AGN that were detected in both X-ray and radio
wavebands with a line of y = x added. Sources with compact
or point-like morphologies are denoted with a black halo. As
mentioned in Section 4.3.1, the majority of sources detected
in both bands had compact or point-like morphologies.
The plot shows no correlation between X-ray and radio
BHAR, with a large amount of scatter evident about the line
of y = x. The X-ray BHARs show the largest range by far,
spanning approximately two orders of magnitude from ∼ 0.1
M yr−1 to ∼ 10 M yr−1. The radio is far less variable,
spanning only a single order of magnitude from ∼ 0.1 M
yr−1 to ∼ 1 M yr−1.
The lack of a tight correlation is potentially indicative
that AGN systems are highly variable by their nature (as
mentioned in Section 4.5.2). Due to the different timescales
involved we might expect that the radio accretion rate is
more indicative of the typical accretion rate of the source
over a long time. We hypothesise that sources with 1:1 cor-
relation potentially have a much more stable BHAR history,
while those that deviate are likely the most variable.
5 DISCUSSION
5.1 Morphologies
Across the entire sample of SC4K AGN we find a surplus
of compact and point-like sources. The proportions of these
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Figure 11. X-ray calculated BHAR against Radio calculated BHAR for the 57 AGN detected in both bands. A line of y = x has
been added and sources with compact or point-like morphologies are highlighted with a black halo. There appears to be very little tight
correlation, as may be expected due to the variability of the X-ray. Sources that lie on or near the line of y = x are expected to have
stable accretion rate histories. The accretion rate trend appears very flat in the radio.
sources remain roughly constant across every redshift bin,
and they represent the majority of classifiable sources, at
over 60% in every bin. Paulino-Afonso et al. (2018) also find
that the majority of bright sources within the COSMOS
field are compact in nature, with small numbers of disky or
irregular sources at high redshift.
Barlow-Hall et al. (2019) consider all LAEs within
SC4K and find that the majority of sources are compact
or disky. Of the 303 AGN they detect, most were compact
or point-like in nature, and hence AGN are less likely to
be disky sources when compared with the full SC4K sam-
ple. When considering the radio detected AGN sources, the
most common morphological type was point-like which is not
in agreement with our findings. This is likely due to differ-
ences in our classification methods, specifically with regards
to point-like sources. In many cases we have combined the
point-like and compact sources for analysis, as we believe
they represent similar structures.
Furthermore, the nature of the classification system
adopted is highly subjective, and while every care has been
taken to ensure consistent classification discrepancies may
still arise.
Our AGN are typically very luminous with X-ray lumi-
nosities in excess of 1043 erg s−1. As such, we hypothesise
that the reason such a high percentage of our AGN are given
compact and point-like classifications is due to the highly-
luminous accretion disk of the central SMBH outshining the
entire galaxy. In this case we would instead be classifying
the morphology of the SMBH-accretion disk system, which
are almost exclusively point-like in their nature.
We also note that compact and point-like sources may
be the same sources but with different brightnesses.
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5.2 Black Hole Accretion Rates (BHARs)
5.2.1 BHAR vs. Morphology
We find in the X-ray data that compact sources have the
highest accretion rates of any given morphology. This is
consistent with results in the literature. Barlow-Hall et al.
(2019) find within SC4K that the half light radii of AGN de-
crease with increasing BHAR, indicating that compact and
point-like sources have the highest accretion rates of any
morphology. As previously stated we hypothesise that these
high luminosity sources have actually been classified based
upon the shape of their central SMBH-accretion disk system,
rather than on the morphology of the entire galaxy.
We also hypothesise that the more compact sources may
have smaller, denser accretion disks which may allow for
faster and more efficient accretion when compared to more
extended disky sources. While this may be true in reality, the
limitation of HST ’s Advanced Camera for Surveys (ACS) in-
strumentation makes it difficult for us to draw meaningful
conclusions in this regard. The ACS can resolve down to
0.05”. At a redshift of z = 2.2, 0.05” would correspond to
a distance of 420 pc. Previous studies have found that the
typical width of an AGN or Quasar accretion disk ranges
from 5-10 light days, or approximately 10−2 pc (see Hawkins
2007). As such, HST ’s ACS does not have the resolving ca-
pability to image the accretion disk directly, and so large or
small accretion disks will still appear compact in the HST
ACS images.
Hence, it seems more likely that disky sources instead
host less active AGN which do not outshine the entire galaxy
to the same extent as point-like or compact sources.
More analysis in this area, observing and classifying the
morphology of the galaxies in different wavebands may help
to provide more concrete classifications, and give a better
indication of the morphological nature of the galaxy as a
whole, rather than our picture being dominated by the emis-
sion from the central SMBH with regard to compact and
point-like sources.
We note that the radio data provides a very different
picture, with disky sources dominating the BHARs at lower
redshifts and irregular sources dominating at higher red-
shifts. This may be due to the source of the emission. If
our hypothesis regarding the disky sources is correct, and
they host less active AGN, it may be possible that our ra-
dio data is contaminated with emission from star formation.
This would lead to us recording higher emissions than those
from the AGN radio core which would in turn lead to in-
flated BHARs. It is also possible that the radio emission is
simply tracing past AGN activity.
Delvecchio et al. (2018) consider SMBH accretion in ra-
dio selected AGN out to z ∼ 4 using the same data from
the VLA-COSMOS 3 GHz Large Project as this work. They
note that as radio emission may arise from processes related
to both star formation and AGN activity they use the in-
frared radio correlation (IRRC; see e.g. Delhaize et al. 2017)
to decompose the radio emission of their sources and isolate
the emission caused only by AGN activity. In future it may
be useful to use this same relation to decompose the radio
emission of our disky sources, in order to investigate whether
our data has indeed been contaminated by star formation.
5.2.2 BHAR vs. Redshift
In the X-ray we find a peak in BHAR between z = 2 − 3
which is consistent with the literature (Nandra 2009; Brandt
& Alexander 2010; Delvecchio et al. 2014). This is further
evidence that the black-hole activity of the Universe peaks
between z = 1−3. The limits of this redshift peak appear to
change slightly dependent on the wavebands used for anal-
ysis, with Delvecchio et al. (2014) using IR and finding a
value of z ∼ 2 and Aird et al. (2010) using X-ray and find-
ing a value of z ∼ 1.2. As our data does not extend any
further towards the present than z = 2.2 we are confident
our value is consistent with the literature, and our results
here are broadly comparable to those found by Calhau et al.
(2020) using the same data-set.
For both X-ray and radio data we observe a a slight in-
crease in BHAR for increasing redshift, consistent with Cal-
hau et al. (2017, 2020), although our results seem to plateau
at higher redshifts of z > 4.
We postulated that this increased BHAR at higher red-
shift may be due to anti-hierarchical growth. Observations
suggest that high mass black holes existed far earlier than
expected in the Universe, and that these high mass black
holes accreted the majority of their mass at high redshift
(see e.g. Merloni 2004; Hirschmann et al. 2012). This re-
lation is found in almost all wavebands including Optical:
Cristiani et al. (2004); Wolf et al. (2003) and NIR: Matute
et al. (2006).
However, it is far more likely that the observed upwards
trend is due to the 3σ detection limit used in this work (see
Barlow-Hall et al. 2019; Calhau et al. 2020, for motivation).
At high redshift the noisier sources may be excluded, and
hence our sample beyond a redshift of z ∼ 3.5 − 4 is likely
much less representative of the global AGN fraction. This is
further evidenced by the lack of sources (37 detected) above
z ∼ 3.5.
When considering the luminosity of the sources we find
no evidence for a strong selection bias at high redshift,
with our highest luminosity sources being found between
z ∼ 2.5 − 3.5 as shown in Figure 5. This is further evi-
dence for the argument that the reason for the decline in
the number of sources at high redshift is less due to the low
luminosity of these sources and more to do with the high
levels of noise in the data at these redshifts, as we still de-
tect low luminosity sources even at z ∼ 6. This hypothesis
is also supported by the increasing fraction of unclassifiable
sources at high redshift, showing the effect of noise is not
limited to radio or X-ray bands but also extends to the op-
tical wavelengths probed by HST.
Figure 6 also implies correlation between Lyα luminos-
ity and X-ray BHAR, similar to that found in Sobral et al.
(2018b) and directly by Calhau et al. (2020), which is fur-
ther evidence that the activity of AGN is also traced by
Lyα emission. There is a high degree of scatter evident in
this plot however, indicating the high variability of AGN
when observed in the X-ray, or the complicated nature of
Lyα radiative transfer.
5.2.3 X-ray vs. Radio BHAR
Figure 11 seems to suggest little to no relation between X-ray
and radio calculated BHARs, with X-ray calculated BHARs
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spanning a significantly larger range than radio calculated
BHARs. This observation is also clear when comparing in-
dividual BHARs to the median bin values in Figure 10. The
radio sources show far less scatter at all redshift, and follow
the median bins values much more closely than the X-ray
sources. This may be evidence for the stability and longer
timescale of radio emission. Calhau et al. (2017) finds ra-
dio emission lasts on the order of ∼ 100 Myr, and as such
may be less susceptible to short-term variation than X-ray
accretion rates. As such, we postulate that radio calculated
BHARs may be better than X-ray at tracing the accretion
rate of a specific source over a far longer timescale.
The large scatter in X-ray is likely due to a number
factors, chiefly the high variability of AGN sources (e.g. An-
gione 1973). We also refer to Ko¨rding et al. (2006, 2008)
which states that the method used in this work as detailed
in Section 3.2 may underestimate the radio fluxes and, by
extension, BHARs for our radio sources. As such, there may
be systematic errors that are not fully accounted for here
that could bring the radio scatter more in line with that
displayed in the X-ray.
The discrepancy between X-ray and radio data may also
be accounted for by the periodic behaviour of AGN sources.
AGN variability has been studied in many wavebands in-
cluding Optical: Angione (1973), X-ray: Marshall et al.
(1981) and NIR: Neugebauer et al. (1989). The timescale
of the variation is known to increase as the observation
wavelength increases, with X-ray variability observable over
minutes or hours, optical variability observable over days
to months and NIR variability observable over months or
years (Elmer et al. 2020). The reason for these variations is
unknown, however if this clear trend is continued at longer
wavelengths then this would explain the reduced variability
seen in our radio sources.
As such, we suggest that radio calculated BHARs may
provide a lower limit to the BHAR of a given source over
a long timescale, and vary significantly less than X-ray cal-
culated BHARs. Hence, this may make radio data far more
reliable measures of the BHARs of AGN than X-ray. Fur-
thermore, it may also be a promising way of identifying the
most and least variable AGN as those with large and small
X-ray vs. radio BHAR disagreement respectively.
6 CONCLUSIONS
In this paper we identify Active Galactic Nuclei (AGN)
sources in the SC4K catalogue of 3705 Lyα emitters (LAEs)
from redshift z ∼ 2 − 6. We calculate black hole accretion
rates (BHARs) using radio data from two VLA-COSMOS
Surveys and X-ray data from the Chandra COSMOS Legacy
survey, in order to explore how BHARs change across cosmic
time. We also determine the rest-frame UV morphologies of
these LAE AGN and their relationship to both BHARs and
redshift. Our main results are:
• We detect 322 AGN in the sample of 3705 LAEs, rep-
resenting 8.7±0.5% of the sources.
• 258 AGN are detected in the X-ray, 121 are detected in
the radio and 57 are detected in both bands.
• There are 232 AGN with classifiable morphologies in the
rest-frame UV, 50 of which are detected in both X-ray and
radio. Sources detected in both bands have a lower propor-
tion of unclassifiable sources (12±4% compared to 38±6%
of the radio only and 29±3% of the X-ray only detected
sources).
• The AGN sources in SC4K are mainly compact type
sources in the rest-frame UV, making up 63±3% of the clas-
sifiable AGN, consistent with the literature.
• Most sources are found between z = 2.2 − 3.4 when
binned by redshift.
• X-ray BHARs peak at z ∼ 3, consistent with the liter-
ature, and range from ∼ 0.07 M yr−1 to ∼ 22 M yr−1.
Compact sources seem to have the highest BHARs for X-ray
detections.
• Radio BHARs range from ∼ 0.09 M yr−1 to ∼ 8.8 M
yr−1. Point-like and compact sources seem to have the lowest
BHARs, with disky sources having the highest BHARs at
low redshift for radio detections.
• Lyα luminosity appears to broadly trace X-ray calcu-
lated BHARs, consistent with the literature.
• We find radio BHARs are broadly in agreement with X-
ray BHARs, implying that the Ko¨rding et al. (2006) relation
is likely accurate and might be used (see Section 5.2.3).
• Radio BHARs show less scatter than X-ray BHARs,
indicating that radio is a more stable and reliable measure
of the lower limit of BHARs of AGN than X-ray.
The LAEs in the SC4K sample provide numerous AGN
for study across a vast range of redshift. As the sample is not
AGN selected, we find an exceptionally diverse population
of sources. Further investigation into the radio relation for
obtaining BHARs of AGN would be highly useful in con-
firming the accuracy of this method for a wide variety of
sources. Further comparison with the literature would also
help to confirm our hypothesis that radio BHARs provide
more stable lower limit estimates of the BHARs of any given
AGN source. This could be achieved through similar studies
using X-ray and radio selected AGN samples in the COS-
MOS field.
In future, decomposing the radio emission from SC4K
sources using the IRRC may be useful in helping to isolate
the radio emission component due to AGN activity from
that caused by star formation. Hence, more accurate radio
BHARs could be calculated, without risk of over-estimation
due to contamination. This would be especially useful for
the disky galaxies within our sample, which we believe host
less active AGN.
Further study of the morphologies of the AGN host
galaxies would also help to better characterise their evolu-
tion across cosmic time. Classifying these galaxies in multi-
ple different wavebands may help to reduce the effect of the
central SMBH outshining the entire galaxy and lead to fewer
point-like or compact classifications, though we acknowledge
that highly luminous AGN such as we have here tend to be
exceptionally bright in almost all wavelengths.
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